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Abstract
Ceramics are usually prepared from structurally simple materials. 
This leads to properties that are hard to control on the molecular level.
A way to avoid this problem Is to synthesize building blocks and 
subsequently hydrolyze and polymerize these to get long polymers. The 
present method 1s to synthesize polyslllclc esters and then polymerize them 
In a condensation reaction. The solid esters were characterized by 
Infrared spectroscopy and mass spectroscopy, while the liquid slloxanes 
were characterized by gas chromatography and mass spectroscopy.
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Introduction
Sol-gel processing 1s an Interesting way to make homogeneous ceramics, 
glass and composites. These materials tend to have a great range of 
composition and properties with the benefit of 1t taking place at low 
temperatures (1). Since advances are taking place 1n ceramics and will do 
so for the next 20 years, these chemical processes will be requlrod to be 
related to physical behavior via ultrastructure control (2).
Sol-gel processing has a few distinct advantages over products made by 
conventional ceramic powder processes and melt-based glass processing and 
these aret better homogeneity 1n products (mixing of liquids vs. solids), 
lower reaction temperature (less contamination and loss), possibility of 
many new materials (mixing liquids and low reaction temperatures), ease of 
preparing ultraflne powders (less than 100 A), possibility of many new 
composites (simple mixing or Impregnation) and versatility to prepare bulk 
solid, films or fibers. Better homogeneity Is Important, as 1s the 
versatility 1n synthesis, because this expectantly will permit expansion of 
ranges 1n composition In both new materials and known, maybe having 
properties which are not obtainable by any other methods (3).
The simplest process Is the preparation of $10, with the basic equa­
tions looking as followsi
Most of the experimental and all the thepretlcal work has Involved $10,
The siricate ester 1s hydrolysed arid then condensed at room temperature. 
The hydrolysis process leads to monomeric units of hydroxides which are the
(R0)«S10H ♦ ROM - hydrolysis
^ «
actlve sites for the condensation. This chemistry can be followed for many 
other metals. S1(L tetrahedron linking during condensation at room 
temperature 1s shown In F1g. 1. In the sol-gel process, the Ingredients 
are mixed and form a solution that Is homogeneous and that g e U  to give a 
porous oxide. If a filter 1$ added to this, It will make a composite. 
Many changes In gelation time as well as the properties of the gel can be 
obtained by changing the solvent, the compounds, the temperature and the 
catalyst. If two metal-containing compounds are used, a binary oxide will 
be made and 1f three are used, a ternary Is formed and so on. There are 
endless possibilities. When an amorphous gel 1$ heated, 1t can produce 
many Interesting products (Fig. 2).
The sol-gel material that has been researched the most has been $10« 
synthesized from TEOS (tetraethoxyslllcate). Doing the reaction under 
either acidic or basic conditions leads to extensive differences In 
structure. Another Important factor 1s the water-to-TEOS ratio. These 
structural differences are attributed to development of colloidal particles 
when pH Is high and higher water content, whereas linear particles form 
when pH 1$ low and lower water content (3,4).
These colloidal particles are not the type seen by colloidal chemists. 
They are thought of as being dense, lacey particles (1). And because TEOS 
has a functionality of 4, at low pH the formation of long chains 1s highly 
unlikely. Studies have shown that organic systems having functionalities 
of greater than 2, branch early In the polymerization process and they 
obtain structures with three-dimensional cross-linking (S).
The biggest difference 1h gels made under high pH compared to those 
from lew pH 1l the pore size distribution of the dried gels. These will
- 3-
have consequences In the drying process.
A rate*of-dry1ng problem with these gels 1$ cracking due to the 
stresses during drying. The drying stress 1s a function of both pore size 
and rate of evaporation of the pore liquid and this depends on the liquid 
vapor pressure (6).
Thus, drying has been done at slow rates under hypercritical 
conditions.
A revolutionary breakthrough 1n the area of drying 1s the use of 
drying control chemical agents (DCCAs). These reagents make It possible to 
optimize gelation, aging and drying of gels to produce large-scale, fully 
dried monolithic gels rapidly and routinely (1,2,7-11). DCCAs Include 
formamlde, glycerol and several organic acids, such as oxalic. When these 
are used with alkoxlde precursors, they can produce with 100* reliability a 
wide range of sizes and shapes of dried gel monoliths of SlOg, U.O-SIOj 
and other meta! esters within ambient temperatures and a several day 
process.
The effect of the DCCA formamlde has also been observed but on a 
starting material TMOS (tetramethoxyslllcate). The results show that the 
DCCA slows down the hydrolysis and thus has a smaller rate constant 
(12-14).
Two Important topics In sol-gel processing are ultrastructure 
processing and the formation of composites.
Ultrastructure processing refers to the control of surfaces and 
Interfaces of materials durlng the earliest stages of production (2). This 
Is basically controlling the physical chemistry in the environment and its 
stability, and also changing physical properties. This should lead to new
and Interesting ceramic composites.
Composites of ceramics are being researched In basically two 
directions: One, fiber, whisker, or particle reinforced sol-gel matrix
composites; and two, submicron-scale composites utilizing the microporosity 
and heterogeneity of the gels (1). With these two processes, new products 
are hoped to be synthesized to have near-net shape components with complex 
geometry. This process 1s not well understood and the chemistry can be 
Important 1n providing solutions.
Since sol-gel research Is relatively ne.;, most of the research has 
been on a single oxide. Multicomponent systems, binary and ternary, oxides 
for glass and ceramics will be explained soon. Among the new trends are:
-high temperature monolithic and matrix materials from combinations of 
materials such as hafnla, alumina, and zlrconla for very high temperature 
environments;
-oxide - nonoxide combinations; and
-multicomponent oxide systems requiring stoichiometric control for 
solid-state materials (1).
Also, research on nonoxides will pick up. Examples are silicon 
carbide, silicon nitrite, aluminum nitrite and boron carbide. Even though 
promising approaches are available through sol-gel processing, poor 
understanding of the fundamental chemistry 1$ still apparent. Involvement 
of physical, polymer and theoretical chemists will help understand the 
theories of polymer chemistry and these understandings will help to 
discover the sol-gel polymers for more inorganic molecules*
This pcoer describes the synthesis of d1- and trialloxsnes, which when 
hydrolyzed and polymerized will yield a sol-gel material/ This material
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can be used to make thin films or fibers. Also described is the synthesis 
of a solid ester [SigO^JHg and this also can be made into a polymer under 
the right conditions.
Experimental
All air sensitive work was performed using standard Schlenk technique. 
Cyclohexane (MalHnckrodt), glacial acetic acid (MalHnckrodt), 
hydrochloric acid (MalHnckrodt), HC1 gas (Union Carbide), chlorine gas 
(Union Carbide), trimethoxysilane (Aldrich), carbon tetrachloride (E.K. 
Industries), trimethoxyorthoformate (Aldrich), triethoxyorthoformate 
(Aldrich), hexachlorodisiloxane (Petrarch), octachlorotrislloxane 
(Petrarch), and triethylammlne (Baker) were of reagent grade and were used 
without further purification. Heptane (MalHnckrodt), pentane (B&J 
Industries) and methanol (Aldrich) were degassed before use.
Infrared spectra were recorded on a 1330 Perk1n-E1mer Infrared 
Spectrophotometer. Gas chromatograms were performed on a Varlan 399 
capillary gas chromatograph. Mass spectra were performed by the School of 
Chemical Sciences' mass spectroscopy lab.
Synthesis of S1q01 JjL«
In a 10 liter flask with overhead stirrer and 1 L pressure-equalizing 
funnel with meter stopcock was charged with 1.125 L glacial acetic acid and 
saturated with HC1 by bubbling the gas through the liquid for 30 minutes.
To the mixture, 1.5 L cyclohexane and 40 ml concentrated HC1 were added. A 
2 L flask was charged with 122 g (1.0 mol) HSi(OCH ) and 1.4 L cyclohexane 
was then added. This solution was transferred to the addition funnel and 
added to the reaction mixture at a rate of 170 ml per hour. At the end of
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addition, the reaction was stirred an additional 15 minutes. The phases 
were separated and the organic layer was washed until neutral to pH paper. 
The cyclohexane was immediately removed on a rotary evaporator at 40°C and 
the resulting tacky white solid was extracted with 1 L boiling cyclohexane. 
The hot mixture was then vacuum filtered until clear. The cyclohexane was 
removed by simple distillation at ambient pressure until the solution 
volume was about 200 ml. Upon slow cooling to room temperature, colorless 
crystalline S i g ^ ^ ^  was °k*a^ned* These crystals were removed by vacuum 
filtration and the volume of the mother liquor was reduced to about 100 ml
by boiling off the solvent. Upon slow cooling to room temperature, more
crystalline product was obtained. This procedure was repeated once more 
and all the crystalline products were combined. A total of 4.95 g (9.07%) 
was recovered. IR (nujol): 2289 (m), 1110 (s), 850 (s).
Synthes 1 s.PL.SI.QO^CTgi
In a Schlenk flask, 1.89 g SlgO^ Hg was suspended In 100 ml CCl^. 
This suspension was saturated with Clg by bubbling the gas through the 
liquid for 15 m1n. The deep yellow mixture was Irradiated using a high 
pressure mercury lamp for 2 hours. Upon removal of all solvents under
vacuum Into double liquid N* traps, a fine white powder was obtained.
Conversion Is quantitative with yields greater than 95X.
Synthesis of [Sl^ 2]£0C
In a 250 ml round bottom flask was added the dried SlgO^Cl-, 50 ml 
heptane and trlmethoxyorthoformate (30 ml). This solution was refluxed for 
24 hours at 100®C. The volatile materials were pumped off after the reflux 
time and yellow-white crystals were dried 1n vacuo. The crude product was
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purified by sublimation at 120 C for 24 hours at .05 mm Hg. Yield: 
1.433 g, 65.7X. Ir (nujol): 1280 (s), 1200 (s), 700 (w), 620 (w), 580 
(w).
Synthesis of Hexamethoxydisiloxane:
In an oven-dried, N„ purged 1 I. round bottom flask fitted with a 
reflux condenser, gas inlet and a dropping funnel and a stir bar was added 
trimethoxyorthoformate (400 ml) and heptane (200 ml). Hexachlorodisiloxane 
(56.6 ml) was transferred via cannula to the dropplnq funnel and added 
dropwise to the stirring solution.over a 1.5 hour period. Gas evolution
was present and the solution turned a deep yellow color. After addition
time, the solution was fractionally distilled and the volume reduced to 
about 200 ml. The solution was collected at 70 C under vacuum. Gas
chromatogram was taken to show reaction completion.
Neutralization of (OCHjL SUOt
In an oven-dried, N~ purged 500 ml round bottom flask fitted with a 
125 ml addition funnel and N„ Inlet was added methanol (10 ml),
tr1 ethylammlne (8.3 ml) and 150 ml pentane at 0 C. (0CH-), S120 was 
transferred via cannula to the addition funnel and added over a 1 hour 
period. Solution turned green and formation of a precipitate was observed. 
Volatile materials were pumped off Into liquid N„ traps and the volume was 
reduced to about 100 ml. The resulting solution was fractionated under 
vacuum and the product (boiling at 84 C) was colorless. Yield: 56.0 mlj
71X. Purity, 99.OX.
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Synthesis of Hexaethoxydlslloxanei
In an oven-dried, Ng purged 1 L round bottom flask fitted with a 
reflux condenser, gas Inlet, dropping funnel and a stir bar was added
trlethoxyorthoformate (400 ml) and heptane (200 ml). Hexachlorodlsllocane 
(53.7 g) was transferred via cannula to the dropping funnel and added 
dropwlse to the stirring solution over a 1.5 hour period. Gas evolution 
was evident and the solution turned a light yellow color. After the 
addition time, the solution was refluxed at 85 C for about 24 hours. 
Volatile materials were pumped off using liquid N» traps and the volume 
reduced to about 200 ml. The solution was fractionated, neutralized and 
the product collected at 88 C. Gas chromatography showed 99.2X purity. 
Yields 47.8 ml, 62.2X.
Synthesis of Octamethoxytrlslloxane:
In an oven dried, N 2 purged 1 L round bottom flask fitted with a
reflux condenser, gas Inlet, dropping funnel and a stir bar was added
trlmethoxyorthoformatu (400 ml) and heptane (200 ml). 
Octachlorotrlslloxane (52.7 ml) was transferred via cannula to the dropping 
funnel and added dropwlse over a 1.5 hour period. Gas evolution was
present and the solution turned a light yellow color. After the addition 
time, the solution was refluxed at 90 C for about 24 hours. After the 
reflux time, the volatile materials were pumped off using liquid N» traps 
and reduced to about 200 ml. The solution was fractionated under vacuum, 
neutralized and reduced to about 100 ml. The resulting solution was 
fractionated under vacuum and the colorless product collected at 93 C. Gas 
chromatography showed 99.1X purity. Yield* 42.7 ml, 54.IX.
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Svnthes1s of Octaethoxytrlslloxane:
In an oven-dried, N purged 1 L round bottom flask fitted with a 
reflux condenser, gas Inlet, dropping funnel and a stir bar was added 
trlethoxyorthoformate (400 ml) and heptane (220 ml). 0ctachlorotr1s1loxane 
(51.6 ml) was transferred via cannula to the dropping funnel and added 
dropwlse to the stirring solution over a 2 hour period. Gas evolution was 
not as vigorous for the methoxy and the solution turned a very pale yellow 
color. After the addition time, the solution was refluxed at 110 C for 
about 24 hours. After the reflux, the volatile materials were pumped off 
using liquid N traps and reduced to about 200 ml. The solution was 
fractionated under vacuum, neutralized and reduced to about 100 ml. The 
resulting solution was fractionated under vacuum and the colorless product 
collected at 105 C. Gas chromatography showed 98.9X purity. Yield: 47.9 
mlt 60.0%.
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Results and Discussion
The reaction of an acetic acld/HCI solution with trlmethoxysllane In 
cyclohexane resulted 1n the formation of S l g O ^ H g  1n 9.07% yield after 
sublimation at >  1 mm Hg and 100°C. The white crystalline product was 
analytically pure. The Infrared spectrum showed characteristic stretching 
frequencies of ^ $1-H anc*^S1-0* ^ass sPectroscopy was observed to have the 
correct fragmentation associated with the hydride cube.
Traditionally, ceramic materials have been prepared from structurally 
simple starting materials and these resulting structures are difficult to 
control (15). If orgsnometalllc materials can be synthesized 1n a stepwise 
fashion, then these monomers can be hydrolyzed to make polymers with 
ceramic properties (15). The polysllldc acid ester S10,»Hp 1s one such 
building block. The structure 1s a cube, with the SI atoms sitting 1n the 
corners of the cube, 0 atoms on the edges of the cube and the H atoms
bonded to the S1 atoms. Infrared spectroscopy confirms this stretch at
-l -l
1210 cm which corresponds to a S1-0 stretch. A stretch at 2289 cm
shows the presence of a S1-H bond, while a S1-H bend 1s observed at 850
cm'* . Mass spectroscopy also confirmed the cube structure by the
fragmentation of the H atoms from the cube when bombarded by electrons.
The reaction of S1g0j2 with trlmethoxyorthoformate 1n heptane 
resulted In the formation of [S1g 0 ^  ][0C2 ]g 1n 65.8% yield after 
sublimation at 1 2 0 and >  1mm Hg. The yellow-white crystals were 
analytically pure and the Infrared spectrum showed frequencies of "i)si-OCH
andV s i -0 . Mass spectroscopy also showed the correct product by the 
fragmentation pattern of .the crystals.
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Thls cube Is also one of the building blocks (IS) which lead to the 
formation of ceramics after a hydrolysis and polymerization step. The main 
difference between this cube and the hydride cube Is the ethoxy ligands 
that displaced the hydrogen ligands. And this change also changed the 
Infrared spectrum as a SI-OC^Hg bend 1s seen at 1200 cm'*. Also observed 
1s the characteristic cube stretch at 1250 cm'*. Mass spectroscopy also 
confirmed the cubic structure by fragmentation of the ethoxy ligands only 
and no cubic fragmentation.
The reaction of hexachlorodlslloxane with trlmethoxyorthoformate 1n 
the presence of heptane resulted 1n the formation of hexamethoxydlslloxane 
which, after a neutralization reaction resulted In pure product 1n 7IX 
yield. This colorless liquid was 99% pure as shown by gas chromatography.
The reaction of hexachlorodlslloxane with trlethoxyorthoformate 1n the 
presence of heptane resulted 1n the formation of hexaethoxydlslloxane which 
after a neutralization reaction, resulted In pure product 1n 62.2% yield. 
The colorless product was 99% pure as shown by gas chromatography.
The reaction of octachlorotrlslloxane with trlmethoxyorthoformate 1n 
the presence of heptane resulted In octamethoxytrlslloxane which, after a 
neutralization reaction, resulted In the pure product In 54.IK yield. The 
The colorless product was 99% pure as shown by gas chromatography.
The reaction of octachlorotrlslloxane with trlethoxyorthoformate 1n 
the presence of heptane resulted 1n octaethoxytrlslloxane which, after a 
neutralization reaction, resulted 1n pure product In 60.0% yield. The 
colorless product was 99.0% pure as shown by gas chromatography.
The neutralization reaction 1n all of the aforementioned cases Is the
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reaction of the crude product with triethylammlne and methanol 1n the 
presence of pentane at room temperature.
Comparison of these two ligands shows what is expected: the retention 
times when the compounds were the same except for the ligand were shorter 
for methoxy than for ethoxy ligands (F1g. 3-6). Since methoxy 1s more 
volatile (comparison of boiling points shows a boiling point of 101 C for 
methoxy and 136 C for ethoxy), It 1s expected to be eluted faster than 
ethoxy ligands.
The heats of formation for these free radicals of methoxy and ethoxy 
are 15.9 + .8 kj/mol and -17.2 kJ/mol respectively. This suggests that the 
methoxy radical reacts more vigorously than ethoxy and this, along with 
toxicity, Is why tetramethylorthoslllcate 1s not used too often 1n the 
sol-gel process.
Results of the four experiments were a little low In all cases. This 
1s due to the a1r-sens1t1ve nature of the compounds. They must not be 
exposed to air and 1f they are, the products will have contaminants of OH" 
groups attached and this will hurt yield.
These reactions are basically stable (methoxy reactions are cooled to 
0 C) so the products obtained should be pure, from this point, hydrolysis 
followed by polymerization takes place and depending on conditions, the 
formation of sol-gel products has taken place. These compounds have very 
Interesting properties and may pave the way for some Interesting and 
exciting compounds.
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Ccncluslons
The reaction of hexachlorodislloxane and octachlorotrlsiloxane with 
either trlmethoxyorthoformate or triethoxyorthoformate in the presence of 
heptane affords the substitution of an -oxy ligand for that of a chlorine. 
These colorless liquids were characterized by gas chromatography, which 
show reaction completion. Mass spectroscopy also showed completion of the 
reaction and showed the presence of the -oxy ligands by fragmentation. 
Further hydrolysis of these silicon esters followed by polymerization will 
yield a sol-gel compound which, depending on the process, can be made Into 
a glass, thin film, or fiber and these can have many interesting 
properties.
The reaction of trimethyl silane and acetlc/HCI solution In the 
presence of cyclohexane affords the formation of $1fl °12H8 ’ which undergoes 
a ligand substitution to form [S18 0 i2 H O C jHc L . These two cubes were 
characterized by IR, which showed the cubic stretch at 1110 - 1140 cm . 
S1-H stretch was observed at 2289 cm "* while the Si-ethoxy stretch 1s at 
1200 cm"* . Further reaction of the cube will result In new ceramic 
materials.
The sol-gel process Is relatively new and 1t Is the way to go 1f low 
temperature chemistry Is desired. It Is well worth a try.
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Figure Captions
Figure 1 - SiO^ tetrahedron Unking
Figure 2 - The possibilities of sol-gel processing
Figure 3 - GC of hexaethoxydisiloxane
Figure 4 - GC of hexamethoxydisiloxane
Figure 5 - GC of octaethoxytrisiloxane
Figure 6 - GC of octamethoxytrisiloxane
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Octamethoxytr1 $11oxane
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